We demonstrate a comb-based tunable transmitter with potential to be integrated on a single InP photonic chip. A Nyquist-shaped polarization-multiplexed 16QAM signal with 7.1 bit/s/Hz spectral efficiency is generated and transmitted over 300-km of SMF-28.
Introduction
Traditional DWDM transmission systems employ laser arrays with each laser typically wavelength locked to its own individual co-packaged etalon filter. The emission frequencies of the individual lasers may drift due to the inaccurate frequency control, temperature-dependent etalon drift as well as device aging. This produces uncertainty in the relative spectral separation of neighboring lasers, which poses limitations on several fronts. Firstly, guard bands are required to avoid spectral overlap between neighboring DWDM channels, leading to sub-optimum spectral efficiency. Secondly, flexible grid optical networks demand dynamic wavelength grooming which involves forming broadband super channels with small-granularity. This requires the frequency spacing between neighboring channels to lie precisely on a frequency grid and this cannot be achieved with a conventional laser array [1] . Finally, recent research has shown that the transmission penalty due to fiber nonlinearity can be significantly reduced providing the frequency spacing of all DWDM channels is stable and known [2] . To overcome these various disadvantages caused by laser frequency uncertainty, optical frequency comb consisting of multiple equidistant frequency tones is becoming increasingly attractive as a replacement for a bank of lasers within the transmitter.
Frequency combs with a tone spacing in the tens-of-GHz range can be generated by external modulation of a narrowband continuous wave (CW) signal, by mode-locked lasers, by exploiting parametric frequency conversion in highly-nonlinear fibers [3] , or high-Q micro-cavities [4] . For DWDM transmission, in which comb tones are extracted and modulated individually, an ideal comb source should be compact, wide band, and supply uniform >10 dBm power per tone. However, in practice, compact comb sources often generate tones with small and unequal powers. Consequently a programmable optical filter (e.g. a Waveshaper) followed by an optical amplifier is typically required both to equalize and increase the power of each tone. This inevitably degrades the optical signalto-noise ratio (OSNR) and makes the transmitter integration difficult. Moreover, in super-channel applications where <10GHz frequency spacing is employed, optical filtering cannot adequately suppress adjacent tones and this results in interference between neighboring channels. Optical injection locking (OIL) [5, 6] , which can be used to lock a laser to a selected comb tone (with comb spacings as small as 6.25 GHz [5] ) represents an alternative tone extraction method which simultaneously suppresses the unwanted tones. This not only relaxes the requirements on the power per tone and the power uniformity, but also allows for a significant reduction in the linewidth of the locked laser because of the inherently large OIL locking bandwidth [7] .
In this work, we demonstrate a comb-based transmitter that has potential to be fully integrated. We OIL a telecom-grade InP-based digital supermode distributed Bragg reflector (DS-DBR) tunable laser to a compact 25-GHz spaced optical comb that could readily be generated using the InP platform [8] . Subsequently, we modulate the laser with a dual-polarization InP IQ modulator. Polarization-division-multiplexed (PDM) 16QAM signals with Nyquist pre-filtering were generated across a 17 nm wavelength span and then transmitted over 300-km of SMF-28 fiber. The transmitter has a 4-kHz linewidth and is frequency-locked to a comb tone, allowing for high spectral efficiency, suitability for flexible grid network applications, and potentially also for nonlinearity compensation [2] .
Experimental set-up
Our experimental set-up is shown in Fig. 1 . The output of a 4-kHz linewidth laser (a BASIK laser from NKT) was modulated by an electro-optic Fabry-Perot cavity modulator driven with a 25-GHz RF signal [9] for frequency comb generation. The generated comb tones have identical linewidth to that of the seed laser (~4 kHz), which is indeed beneficial for high order modulation formats that are (phase) noise-sensitive. The optical frequency comb was amplified from -14 dBm to 11 dBm using a low-noise erbium doped fiber amplifier (EDFA1, which could in principle be replaced with an SOA) and injected into the DS-DBR via an optical circulator (that could be avoided by OIL via the rear laser facet). We used a variable optical attenuator (VOA1) to control the injection power. The tunable laser used was Oclaro TL5000 iTLA packaged without any isolator to allow for front facet OIL. The laser had a free-running linewidth of 2.5 MHz and 13 dBm output power. We carried out two experiments. In the first (single-channel experiment), the output of the DS-DBR laser was directly connected to the modulator. In the second (multi-channel experiment), two 100-kHz external cavity lasers (ECL1 and ECL2) which emulated two neighboring channels were combined with the DS-DBR laser output and launched into the modulator with an average power of 8 dBm per laser.
The modulator used was a dual-polarization InP IQ modulator with a V π of ~1.5V (Teraxion M80137). The xpolarization IQ modulator was modulated with data generated by a two-channel arbitrary waveform generator (AWG). The y-polarization IQ modulator was driven by the negative output ( I and Q ) of the same AWG after being delayed by 37 symbols. The AWG (Tektronix AWG7122C) used has a 9.6-GHz bandwidth and was operated at 10-bit 12 GSa/s, generating 10-GBaud Nyquist-16QAM signals, yielding 1.2 samples per symbol. Four 5-GHz low pass filters (LPF) were used to remove the aliasing components. The driving signal was adjusted to a peak-topeak voltage of 1.6 V, chosen to provide an optimum balance between insertion loss and modulation non-linearity. This resulted in a total loss of 20 dB (11 dB modulator insertion loss and 9 dB loss due to the modulation). The driving waveforms for Nyquist-shaped 16QAM signals were generated offline using a PRBS of 2 17 -1 and a 128-tap raised cosine digital filter with a roll-off factor of 0.2. The waveforms were pre-distorted to compensate for asymmetry of the modulation response of the InP IQ modulator [10, 11] as well as the frequency roll-off of the AWG (pre-emphasis). The modulated optical signal was amplified to a power of 10 dBm by EDFA2 which was followed by VOA2 to optimize the launched power used. The transmission link comprised of four 75-km spans of SMF-28 with the link loss compensated by three 16-dB gain in-line amplifiers (EDFAs 3-5) and a pre-amplifier (EDFA 6) prior to coherent reception. After 300-km transmission, the OSNR was adjusted by adding external ASE noise before filtering with a tunable optical band pass filter (TOF). The bandwidth of the TOF was set to 30 GHz for the single-channel experiment and 100 GHz for the multi-channel experiment. The local oscillator (LO) was a 100-kHzlinewidth tunable ECL. After coherent detection the electrical signal was sampled by a four-channel 16-GHz, 40-GSa/s real-time oscilloscope. Signal demodulation was implemented using offline digital signal processing.
Experimental results
The optical spectrum (10 pm resolution) of the frequency comb prior to OIL is shown in Fig. 2a . It is centered at 1556.15 nm (the wavelength of the seed laser). The center tone had a power of -2 dBm and an OSNR (0.1 nm resolution) of 24 dB. The power and the OSNR of the comb tones decreased to -14 dBm and 15 dB at the 1547.32 nm, and -13 dBm and 16 dB at 1564.27 nm, respectively. Fig. 2a also shows the optical spectra of the comb and OIL-laser at a central wavelength of 1556.15 nm, and at 'edge' wavelengths of 1547.32 nm, and 1564.27 nm, representing a tuning range of 17 nm. Unwanted comb tones (>30 dB below the signal level) can be seen in the OIL laser spectrum -these are due to reflection from the front facet. It is believed this could be strongly suppressed if rear-facet OIL was employed [5] . The suppression ratios ('side-mode-suppression-ratio', SMSR) of the unwanted tones after OIL were between 30 and 48 dB (for OIL at 1547 and 1654 nm, the strongest comb tones were at wavelengths close to the center of the comb at 1556 nm). The linewidth of the free-running DS-DBR laser was measured to be ~2.5 MHz and this was significantly reduced to 4 kHz (similar to the narrow linewidth of the seed laser) with OIL (shown in Fig. 2b ). The single comb tone power injected into the DS-DBR was -28 dBm, resulting in a (measured) locking range of ~700 MHz. Fig. 2c shows the BER measurement results for the PDM-Nyquist-16QAM. The closed markers show the measured results at back-to-back for 1556.15 (square), 1564.27 (circle), and 1547.32 nm (triangle). The corresponding open markers show the results after transmission over 300-km of SMF-28. The launch power was optimized for the smallest BER (-4 dBm), at which an OSNR of 31 dB was obtained after transmission. At a BER of 3.8×10 -3 , the required OSNR after transmission was 23.6, 24.5, and 25.5 dB for 1556.15 nm, 1547.32 nm, and 1564.27 nm respectively. The difference can be attributed to the EDFA gain profile.
In the multi-channel experiment, we first optimized the launch power for 12.5-GHz-spaced PDM-Nyquist-16QAM signals. At the receiver side, the data on adjacent channels were de-correlated by about 4-5 symbols due to the dispersion of the 300-km length of fiber, allowing for an estimation of practical multi-channel transmission. As shown in Fig. 3a , the optimum launch power was found to be -1 dBm (-5.8 dBm per channel). Keeping this launch power we varied the frequency spacing between the co-propagating channels by tuning the wavelength of ECL1 and ECL2. The BER and calculated Q factor ( Fig. 3b . Our results show that channel spacing can be as small as 10.5 GHz, yielding a spectral efficiency of 7.1 bit/s/Hz (considering 7% FEC). We also started the work on upgrading the system to PDMNyquist-64QAM signals with preliminary results from a single-channel experiment shown in Fig. 4 . 
Conclusion
A 4-kHz-linewidth tunable light source locked to a 25-GHz spaced optical comb is obtained and modulated with a dual-polarization InP IQ modulator. Sub-HD-FEC BER was achieved for PDM-Nyquist-16QAM signal transmission over 300-km of SMF-28 with a 10.5-GHz channel spacing, yielding a spectral efficiency of 7.1 bits/s/Hz. We also undertook a preliminary study using PDM-Nyquist-64QAM. In the future, we plan on: locking more lasers to the same comb; generating flexible DWDM and super-channel sources; and to OIL DS-DBR lasers from the rear to improve side-mode suppression and to eliminate the need for an optical circulator, thereby offering full integration using the InP platform.
